The water uptake by the seed in arid and semi-arid ecosystems may not be continuous, but may occur in hydration and dehydration cycles (HD). In order to investigate the benefits of discontinuous hydration on seed germination of Pilosocereus catingicola subsp. salvadorensis subjected to environmental stresses, an imbibition curve was determined and times X, Y and Z selected, corresponding to 25, 50 and 75% of the first phase of imbibition, respectively. Seeds of two populations (Caatinga and Restinga) were subjected to 0, 1, 2 and 3 HD cycles, with 48 h of dehydration. Water and saline stress responses were tested at five osmotic potentials (0.0, -0.1, -0.3, -0.6 and -0.9 MPa). Discontinuous hydration provided greater tolerance to water and saline stress in the seeds from the Caatinga region. When the seeds were subjected to water stress, the reduction of the mean germination time (MGT) provided by HD cycles decreased with increasing concentration of the solution. In saline stress, the reduction of MGT was greater in the solutions with the highest concentrations. We conclude that the seeds of the same species collected from populations located in different ecosystems have different germination responses after passage through discontinuous hydration and HD cycles. This provides greater tolerance to environmental stresses but with different responses among populations.
Introduction
Seeds dehydrate during the final stages of their development and, therefore, need to absorb water from the ambient surroundings to rehydrate their tissues and start the germination process (Baskin and Baskin, 2014) . This dehydration during seed production is a natural process that allows the seeds to reduce their metabolism before dispersal in the environment where they can remain viable for longer periods to subsequently germinate. However, depending on where the seed is dispersed, this rehydration event, which will result in seed germination, may be interrupted by a lack of water in the soil and when this occurs the seeds interrupt their germination process and begin to lose the absorbed water (Fenner and Thompson, 2005) . This event of loss of water by the seeds during the germination process is observed more frequently in arid and semi-arid ecosystems because, in these regions, there is a water limitation in the soil and in the time that this resource is available for the seeds, even during the rainy periods (Meiado et al., 2012; .
Many species that occur in arid and semi-arid ecosystems, such as the Caatinga, a semi-arid ecosystem located in the Northeast of Brazil, produce and disperse seeds that germinate in the upper layers of the soil. In these environments, the seeds have water available for their imbibition process for a limited time, since the evaporation of water from the soil surface in these layers occurs rapidly (Meiado et al., 2012) . As seen, the imbibition of the seeds in these arid and semiarid ecosystems cannot be continuous, but is subject to hydration and dehydration cycles (HD) . According to Dubrovsky (1996 Dubrovsky ( , 1998 , discontinuous hydration renders the seeds of native species a high rate of survival during desiccation, demonstrating that these seeds may have a hydration memory, caused by the imbibition process, which preserves the resulting characteristics of the prior hydration. The main advantages attributed to discontinuous hydration are related to the high rate of survival during desiccation and the significant increase in germinability, speed and uniformity of seed germination, as well as production of more vigorous seedlings (Dubrovsky, 1996; 1998; Aragão et al., 2002; Sánchez Soto et al., 2005; Rito et al., 2009; .
Cacti are among the plants most widely distributed in arid and semi-arid ecosystems of the new world. The species of this family show considerable variation in shape, colour, size, structure and embryonic characteristics of the seeds (Rojas-Aréchiga and Vázquez- Yanes, 2000; Valiente-Banuet and Godínez-Alvarez, 2002) . Most species of cacti have seeds that germinate on the soil surface and are well suited to water loss during the dry season (Dubrovsky, 1998) . In Brazil 260 species occur, grouped into 39 genuses and Pilosocereus Byles & Rowley is one of the most representative (Taylor and Zappi, 2004; Zappi et al., 2016) . Most species of this genus have a columnar habit, being represented in the country by 29 species and 16 subspecies terrestrial and/or rupicolous (Zappi et al., 2016) . Pilosocereus catingicola (Gürke) Byles & G.D. Rowley subsp. salvadorensis (Werderm.) Zappi, popularly known in Brazil as 'facheiro', has columnar habit and occurs in three different ecosystems in the Northeast of Brazil: Caatinga, a tropical dry forest that covers about 10% of the national territory; Atlantic forest, a tropical rainforest in the eastern part of Brazil; and Restinga, a distinct type of tropical and subtropical coastal rainforest, found along a large part of the Brazilian coast 2015a,b; Santos and Meiado, 2015) . For this reason, the populations of this species are subject to different environmental conditions and abiotic factors during production and germination of the seeds, and may undergo discontinuous hydration that differs in the field.
According to Contreras-Quiroz et al. (2016) , the presence of hydration memory in the seeds of Cactaceae depends on the climate and the microenvironment where the cacti occur, indicating that environmental conditions imposed on the parental plants influence the germination responses of the cacti seeds when subjected to discontinuous hydration. Thus to test the theory proposed by Contreras-Quiroz et al. (2016) , two hypotheses were proposed in this study: (1) seeds of the same species collected from populations located in different ecosystems have a different germination response after passing through discontinuous hydration; (2) HD cycles provide greater tolerance to environmental stresses; however, the seed germination response is different between populations. The aim of this study was to determine the occurrence of hydration memory in seeds of two populations of P. catingicola subsp. salvadorensis from the Caatinga and Restinga and investigate the beneficial effects on the seed germination of two populations when subjected to environmental stresses.
Materials and methods
Ripe fruits of P. catingicola subsp. salvadorensis were collected in areas of Caatinga and Restinga in the state of Sergipe, Northeast Brazil. The population of P. catingicola subsp. salvadorensis from Caatinga where the fruits were collected is located in areas near the SE Highway 206, in the Poço Redondo municipality. Caatinga is a tropical dry forest and this region consists of patches of seasonally dry forest and sclerophyll vegetation (sensu Pennington et al., 2000) . The variation in vegetation structure of this ecosystem is conditioned by topography, by human disturbance and, more significantly, by the combination of the low average annual rainfall and soil attributes. Rainfall ranges from 240 to 900 mm per year and the soil ranges from moderately fertile, saline and shallow to deep sandy soil and impoverished soil (Sampaio, 1995) . The population of Restinga is located at Aruana Beach, in the Aracaju municipality, a few metres from the sea. Restinga areas of the Atlantic Coast are found along almost the entire Brazilian coast and cover an area of 7900 km 2 . This area is characterized by sandy and saline land with direct influence from the sea, where herbaceous and shrub species are found, as well as some species of Cactaceae (Meiado et al., 2015a,b; Santos and Meiado, 2015) .
About 30 fruits were collected in each population, one fruit per plant. After collection, the fruits were taken to the laboratory, where the fruits were manually opened and the seeds were placed to dry in plastic trays at room temperature until complete dehydration of the funicular pulp. After this procedure, the funicular dewatered pulp was manually removed from the seeds, which were then rinsed in running water and dried at room temperature (25 ± 2°C) and 85 ± 5% relative humidity.
To evaluate the imbibition curve of this species, 250 seeds were used for each population divided into five replications of 50 seeds each. Initially, the seeds were weighed on an analytical balance and placed for imbibition in a sealed plastic recipient containing 10 ml of distilled water, which were maintained in the laboratory at room temperature. Seeds were imbibed for 12 h and evaluated at 60 min intervals until stabilization of water uptake. For each evaluation, the seeds were removed from the water, blotted with paper and weighed again. The partial imbibition curve was estimated by the change of the seed biomass at the different intervals.
After the construction of the partial imbibition curve, three points on the curve were selected, which were designated as times X, Y and Z, corresponding to 25, 50 and 75% of the first phase of imbibition, respectively (Bewley, 1997) . These intervals were selected due to the short period that rainwater is available for the seeds in the upper layers of soil, which represented, in this study, periods of hydration of the HD cycles. For each of the three selected hydration times, seeds of the two populations were subjected to 0, 1, 2 and 3 HD cycles with times of dehydration of 48 h for all cycles, using 500 seeds of each population for each evaluated stress.
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In testing the response to water and saline stress on seed germination of two populations of P. catingicola subsp. salvadorensis after passing through the discontinuous hydration, solutions of commercial polyethylene glycol 6000 (PEG 6000) (Villela et al., 1991) and sodium chloride (Braccini et al., 1996) were used, respectively. The experiment was conducted by evaluating five osmotic potentials [0.0 (distilled water), -0.1, -0.3, -0.6 and -0.9 MPa] with four replications for each treatment (water or saline stress), containing 25 seeds per replication. Seeds were sown in 5-cm Petri dishes, containing a double layer of filter paper moistened with 3 ml of solution. The Petri dishes were sealed with parafilm and maintained at 25°C and photoperiod of 12 h. Radicle protrusion was considered to be the criterion for germinated seeds, and was assessed daily over a 60-day period.
Germination parameters were calculated with the GerminaQuant software (Marques et al., 2015) , including germinability (G, %) and mean germination time [MGT = ∑n i .t i /∑n i , where t i is the period from the beginning of the experiment to the ith observation (days) and n i is the number of germinated seeds in the time i (not the cumulative number, but the number corresponding to the ith observation)] (Gordon, 1971) . Germinability data were standardized transformed by arcsine square root transformation before analysis. The normal distribution of the data and homogeneity of the variances were verified through the ShapiroWilk and Levene tests, respectively. The results were submitted to multiple factorial analyses of variance with four factors (population, hydration times, number of HD cycles and osmotic potential) and the means were compared a posteriori by Tukey's test (Ranal and Santana, 2006) . All analyses were performed in the Statistica 13 program with α = 5% (StatSoft, 2016) .
Results
Seeds of the two populations of P. catingicola subsp. salvadorensis began to germinate on the fourth day of evaluation. Although the percentage of imbibition of the seeds from Caatinga (41%) was higher than the percentage of imbibition of the seeds from Restinga (24%), the first phase of imbibition of the two populations ended 8 h after the onset of germination. Thus according to the partial imbibition curve, the times X, Y and Z corresponded to 2, 4 and 6 h, respectively. These were the hydration times used to subject the seeds of both populations to HD cycles.
Regardless of the stress treatment, seed germination of P. catingicola subsp. salvadorensis was favoured by the discontinuous hydration, for example, an increase of about 40% in the germinability of seeds collected in the Caatinga that have undergone two HD cycles in time Z and were sown in distilled water (0.0 MPa).
This improvement of the germination process indicated the presence of a hydration memory in the seeds of P. catingicola subsp. salvadorensis and, as will be seen below, the pattern of germination responses observed in this study differed among populations and the discontinuous hydration rendered the seeds increased tolerance to environmental stresses. In general, the discontinuous hydration provided a greater tolerance to water and saline stress in the seeds collected in the Caatinga.
The pattern of germination responses of the two populations of P. catingicola subsp. salvadorensis evaluated in this study showed significant differences when they were subjected to water stress ( Table 3 ), indicating that the seed germination of the two populations was not similar (Fig. 1) . Increased water potential significantly reduced seed germination of the two populations (Table 3 ). This reduction was more drastic in the population of the Restinga at 0.6 and 0.9 MPa (Fig. 1) . Furthermore, the discontinuous hydration conferred an increased tolerance of P. catingicola subsp. salvadorensis seeds collected in the Caatinga when they were subjected to water stress (Table 3) . However, when the seeds were subjected to this type of abiotic stress, no significant differences were observed in the seed germination between the hydration times (Table 3) . Moreover, HD cycles favoured the germination of seeds collected in the Caatinga when they were subjected to all water stress treatments, except a potential of -0.9 MPa. On the other hand, the germinability of seeds collected in the Restinga was only favoured by HD cycles at higher concentrations of solutions. An increase of about 20-40% was observed of the germinability of this population that had passed through the HD cycles and, subsequently, were subjected to solutions of -0.6 and -0.9 MPa, respectively (Fig. 1) .
In addition, a significant increase in the MGT was observed when the seeds of P. catingicola subsp. salvadorensis were subjected to water stress (Table 3) . However, a significant interaction between the factors population and osmotic potential in the analysis indicated that the MGT of the seeds from the two populations was affected differently by the water potentials. Furthermore, the discontinuous hydration provided a reduction in the MGT of the seeds under water stress (Table 3) , especially those seeds collected in the Caatinga (Table 3 ). This same pattern was observed at times X, Y and Z, with no significant differences between MGT in the three hydration times evaluated (Tables 1 and 3 ). The largest reduction in the MGT provided by HD cycles when the seeds were subjected to water stress (2.7 days) was observed, for example, when the seeds of the Caatinga were sown in -0.1 MPa solutions after having gone through three HD cycles in time X (Table 1) .
In the saline potential applied to seeds that had also undergone HD cycles, seed germination of P. catingicola Data are expressed as means ± standard deviation. '-' denotes no seed germination. Upper case letters indicate significant differences between cycles at the same potential. Lower case letters indicate significant differences between potentials at the same cycle. 4.3 ± 0.5 Bc 3.9 ± 0.6 Bb 4.5 ± 0.6 Bc 3.9 ± 0.5 Bb 4.8 ± 0.6 Bc 4.0 ± 0.4 Bb 6.5 ± 0.9 Bb 4.8 ± 0.7 Bb 9.0 ± 0.8 Aa 7.0 ± 0.9 Ba 3 cycles 4.1 ± 0.2 Bc 3.6 ± 0.7 Bb 4.4 ± 0.4 Bc 3.9 ± 0.2 Bb 4.7 ± 0.6 Bc 3.9 ± 0.8 Bb 6.2 ± 1.2 Bb 5.3 ± 0.5 Ba 9.1 ± 1.8 Aa 6.4 ± 0.7 Ba Data are expressed as means ± standard deviation. Upper case letters indicate significant differences between cycles at the same potential. Lower case letters indicate significant differences between potentials at the same cycle.
subsp. salvadorensis was favoured in both Caatinga and Restinga populations (Table 4) . Passage through 1, 2 or 3 HD cycles increased the germinability compared with those seeds that had not gone through any cycle and were subjected to saline stress (Fig. 2 ). This increase provided by discontinuous hydration was observed in both populations (Table 4) , with significant differences between the hydration times when the seeds were submitted to saline stress ( Fig. 2 and Table 4 ). The saline stress also resulted in an increase in the MGT of the seeds of P. catingicola subsp. salvadorensis (Table 4) . However, the passage through HD cycles significantly reduced the MGT of seeds of the two populations that were subjected to this abiotic stress, with no significant differences between the hydration times evaluated in this study (Table 4) . Although there were significant differences in the MGT between the two populations, the passage through the HD cycles increased the salt tolerance in the seeds of the Restinga population, mainly at more concentrated solutions, where the passage through three HD cycles in time X was reduced by 4.5, 5.3 and 6.4 days when the seeds of this population were submitted to -0.3, -0.6 and -0.9 MPa treatments, respectively (Tables 2  and 4 ).
Discussion
Discontinuous hydration is a process that occurs naturally in seeds that are produced and dispersed in arid and semi-arid environments where water is available for seed imbibition only briefly. Thus it is expected that seeds of native species naturally pass through HD cycles in the environment where these plants will be established (Allen and Meyer, 1998; . As seen in the results of this study, the passage through HD cycles favoured seed germination of the studied species and provided a greater tolerance to the abiotic stresses. Furthermore, the time that the seed remained in contact with water during the hydration cycles influenced the response of seeds subjected to salt stress. For the seeds of P. catingicola subsp. salvadorensis, cycles of 2 h benefited all measured germination parameters, indicating that shorter cycles are more favourable for this species, which should be related to the short time that water remains available for seed germination in the most superficial layers of the soil, even during the rainy season.
The water and saline stress in seeds of two populations of P. catingicola subsp. salvadorensis caused a reduction in seed germination with increasing osmotic concentrations of the solutions. This germination response was also observed in other species of Cactaceae subjected to these types of abiotic stresses (De la Barrera and Nobel, 2002; Ramírez-Padilla and Valverde, 2005; Meiado et al., 2010) . Seeds of Cereus jamacaru DC. subsp. jamacaru also had a germination behaviour similar to the seeds of P. catingicola subsp. salvadorensis in conditions of water and saline stress. When the seeds of this species were subjected to water stress a reduction in germinability was observed with increasing concentrations of the PEG 6000 solutions, used to simulate water stress. This was not observed when seeds were germinated at lower osmotic potential (< -0.8 MPa) (Meiado et al., 2010) . However, when the seeds of C. jamacaru subsp. jamacaru were subjected to saline stress there was also germination at all stress levels (up to -1.0 MPa), as observed in this study. Meiado et al. (2010) attributed this different behaviour to the ability of the C. jamacaru subsp. jamacaru seeds to absorb the salt and store it or metabolize it for other purposes. Thus it is believed that the seeds of P. catingicola subsp. salvadorensis are also able to store or use the salt in a similar way and that is how they can germinate at high salt concentrations.
The increase in the seed germination of P. catingicola subsp. salvadorensis caused by HD cycles was also observed in seeds of other species of Cactaceae (Sánchez- Soto et al., 2005; Contreras-Quiroz et al., 2016) as well as in Helianthus annuus L. (Asteraceae), where germination reached 100% in seeds submitted to hydropriming and germinated in distilled water (0.0 MPa) (Kaya et al., 2006) . In H. annuus, as well as in P. catingicola subsp. salvadorensis, there was also an increase in the percentage of germination of the seeds that had passed through HD cycles and were subjected to saline stress. However, Kaya et al. (2006) found that when these seeds were subjected to water stress after the HD cycles, seed germination of H. annuus was not favoured. Although discontinuous hydration has also favoured the seed germination of P. catingicola subsp. salvadorensis subjected to saline stress, especially in the population of the Restinga, the HD cycles also conferred greater tolerance to seeds of the Caatinga Discontinuous hydration alters seed germination under stress 297 population when they were subjected to water stress. Thus two statements can be made after these comparisons: (1) the discontinuous hydration does not provide the same germination responses when the seeds are subjected to different environmental stresses and (2) the benefits that the HD cycles provide to the seeds may vary among species and especially among populations, corroborating the hypotheses of this study.
In some species seed germination is not favoured by discontinuous hydration. According to Aragão et al. (2002) , HD cycles did not increase the percentage of seed germination of Phaseolus vulgaris L. (Fabaceae). However, other parameters of seed germination and seedling development were benefited after the passage of P. vulgaris seeds through HD cycles. According to the authors, the percentage of normal seedlings formed from seeds submitted to HD cycles was higher than those arising from seeds that were not submitted to discontinuous hydration, which was associated with a preimbibition of the seeds during the cycles that provided a higher rate of seedling emergence (Aragão et al., 2002) .
Furthermore, the biochemistry of seed germination was changed with the passage of the seed through HD cycles, displaying higher contents of globulin and prolamin in the seeds subjected to the cycles. Biochemical changes were also observed in seeds of salvadorensis (Werderm.) Zappi (Cactaceae) after passing through discontinuous hydration cycles (0, 1, 2 and 3 cycles) at times X (A and B), Y (C and D) and Z (E and F) and being subjected to water stress. Data are expressed as means ± standard error. Upper case letters indicate significant differences between cycles at the same potential. Lower case letters indicate significant differences between potentials at the same cycle.
Ayslan T. Lima and Marcos V. Meiado 298 during discontinuous hydration (López-Urrutia et al., 2014) . All these results indicate that the benefit provided by the discontinuous hydration can be evidenced at various stages of seed germination and seedling establishment, and reinforce the idea that different species are not benefiting similarly by discontinuous hydration.
Differential responses between species were also reported by in other seeds of the Caatinga. Trees from this semi-arid ecosystem produce seeds with slow and unsynchronized germination, such as Syagrus coronata (Mart.) Becc. (Arecaceae), display seed germination parameters that benefit from discontinuous hydration (i.e. G, MGT, Emergence Rate Index and Coefficient of Uniformity of Germination), such as rapid and synchronized germination in the field . However, species with rapid and synchronized germination, such as Enterolobium contortisiliquum (Vell.) Morong (Fabaceae), produce more vigorous seedlings in the field after passage through HD cycles, but germinability is not favoured by discontinuous hydration .
As seen in this study, some germination parameters, besides germinability, may also be favoured by discontinuous hydration (Dubrovsky, 1996 (Dubrovsky, , 1998 . As in P. catingicola subsp. salvadorensis, Patanè et al. (2008) observed in seeds of Sorghum bicolor (L.) Moench (Poaceae) an increase in the MGT as the salt concentration was increased in the solutions. However, in the present study, the HD cycles resulted in a more rapid germination for the seeds subjected to NaCl and PEG 6000 solutions, especially at low osmotic potential. Moreover, the MGT of the seeds increased with the decrease in osmotic potential, in both solutions of NaCl and PEG 6000. However, the solutions that simulated water stress caused a delay in seed germination of the species studied, compared with NaCl solutions, indicating a greater tolerance to saline stress by the cactus studied.
Different populations of the same species may have different germination behaviour when germinated under different environmental stresses, such as extreme temperatures, water availability and salinity (Leal et al., 2013; Meiado et al., 2016) . These differences observed may be related to environmental characteristics where the parental plants produce their seeds (Baskin and Baskin, 2014; Contreras-Quiroz et al., 2016) . Seeds of P. catingicola subsp. salvadorensis collected in the Caatinga which passed through discontinuous hydration showed a greater tolerance to water stress, while the seeds of the same species collected in the population of Restinga were more tolerant to saline stress after passing through the HD cycles, indicating a differential germinative behaviour between these two populations.
This type of germination response observed in the studied populations is justified by the fact that the cacti that occur in Restinga are very close to the sea, where they are subjected to conditions of greater salinity than the individuals of the Caatinga that, in turn, have the availability of water in the soil as the main limiting factor for the seed germination and establishment of new plants. These findings corroborate those of Contreras-Quiroz et al. (2016) , who stated that the presence of hydration memory in cactus seeds depends on the climate or microenvironment where the species occurs. On the other hand, there are species with higher plasticity and seeds from different populations may have the same pattern of germination response when they are exposed to water or saline stress. Such a similar pattern was observed by Leal et al. (2013) in seeds of Calotropis procera (Ait.) R.Br. (Apocynaceae) of populations established in the same ecosystems evaluated in this study and, according to the authors, this is due to the fact that C. procera is an invasive species tolerant to various environmental stresses and that can invade and establish themselves similarly in the Caatinga and Restinga.
The Restinga seed lot used for the water potential experiment had a higher germinability than that used for the saline stress experiment. The difference between the seed sub-lots observed in this study is associated with some characteristics of the species:
(1) the species has a wide distribution in the Northeast region of Brazil and its populations are very large and composed of hundreds of individuals (Zappi et al., 2016) ; (2) the species is self-incompatible and allogamous.
Thus the formation of their seeds is conditioned to cross-pollination between different plants, increasing the genetic variation of populations (Rocha et al., 2007) ; (3) there are many individuals in the areas where seeds were collected with different ages and this characteristic influenced the production (quantity) and Discontinuous hydration alters seed germination under stress 299 the germinative behaviour (quality) of the seed lots collected; (4) the individuals bloom and produce fruits and seeds at different times throughout the year, being exposed to different conditions during their reproductive period.
All these characteristics together result in the collection of seed lots from the same population with different germination behaviour. In other words, seed sub-lots from the same population were collected from different individuals and that presented differentiatal germinative behaviour.
In conclusion, some notes should be made to update our knowledge on the influence of discontinuous hydration in the seeds of forest species, with special attention on cacti seeds. First, studies performed in the laboratory that evaluate the influence of abiotic factors on the seed germination of native species and characterize their tolerance and their patterns of germination responses without the passage of the seeds through discontinuous hydration should be considered with caution, since it does not demonstrate the true tolerance to environmental stresses that some native species present in the field, after the natural passage through discontinuous hydration. Secondly, the HD cycles can confer an increase of the tolerance to environmental stresses, but they provide different responses when the seeds of native species pass through cycles and then are subjected to different stresses. Thirdly, different hydration times of the HD cycles may give different germination responses when the salvadorensis (Werderm.) Zappi (Cactaceae) after passing through discontinuous hydration cycles (0, 1, 2 and 3 cycles) at times X (A and B), Y (C and D) and Z (E and F) and being subjected to saline stress. Data are expressed as means ± standard error. Upper case letters indicate significant differences between cycles at the same potential. Lower case letters indicate significant differences between potentials at the same cycle.
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. https://doi.org/10.1017/S0960258517000241 seeds of native species are subjected to environmental stresses after passing through discontinuous hydration. Finally, this study reinforces the theory proposed by Contreras-Quiroz et al. (2016) that the hydration memory of cacti seeds depends on the climate and the microenvironment where the species are established, because populations of the same species occurring in different ecosystems showed different germination responses after passing through HD cycles, demonstrating that environmental characteristics are essential in determining the response of seeds to discontinuous hydration.
